Background: Control of foodborne pathogens is an important issue for the fruit juice industry and ohmic heating treatment has been considered as one of the promising antimicrobial interventions. However, to date, evaluation of the relationship between inactivation of foodborne pathogens and system performance efficiency based on differing soluble solids content of apple juice during ohmic heating treatment has not been well studied. This study aims to investigate effective voltage gradients of an ohmic heating system and corresponding sugar concentrations (°Brix) of apple juice for inactivating major foodborne pathogens (E. coli O157:H7, S. Typhimurium, and L. monocytogenes) while maintaining higher system performance efficiency.
Background
The U.S. Food and Drug Administration stated that the possibility for contamination with foodborne pathogens is low in foods with pH below 4.6 [1] . However, acidic foods such as fruit juice have emerged as a novel substrate in which foodborne pathogens can maintain their viability since several illness outbreaks involving them have been documented [2] . Major foodborne pathogens implicated in fruit juice-borne outbreaks are Escherichia coli O157:H7 and Salmonella enterica serovar Typhimurium [3] . In the United States in 1996, a serious foodborne outbreak occurred in which one person died and 70 people were infected with E. coli O157:H7 traced to apple cider [4] . A multistate outbreak caused by S. Typhimurium was reported in the United States in 2005 which was associated with consumption of orange juice [5] . Listeria monocytogenes is a Gram positive bacterium and has acid tolerance as do E. coli O157:H7 and S. Typhimurium [6] . Although outbreaks of foodborne illnesses linked to L. monocytogenes have not occurred in fruit juices, the National Advisory Committee on Microbiological Criteria for Foods suggested that L. monocytogenes should be categorized as a target bacterium even though no association has been identified between L. monocytogenes and fruit juices [7] . Apples used for producing juice can become contaminated with these pathogens from several sources, such as apples in orchards that have fallen onto the ground, contamination with manure, or those insufficiently washed [8, 9] .
The U.S. Food and Drug Administration has regulated that facilities for pasteurization should ensure a minimum of 5-log pathogen reduction [10] . Thermal methods such as hot water or steam traditionally have been used to pasteurize apple juice. Although conventional heating guarantees food microbiological safety, it causes deterioration of overall quality involving nutritional degradation, color change, and flavor loss [11, 12] . Novel technologies such as radio frequency, microwave, and ohmic heating have emerged as alternatives in order to compensate for the drawbacks of traditional heating. Ohmic heating among innovative thermal technologies is an appropriate system to use for fruit juice pasteurization in that it is able to heat rapidly and uniformly with high temperature for a short time (HTST process) and is amenable to a continuous type design [13, 14] . Ohmic heating is a technology where heat is internally generated by the passage of alternating electric current in which foods act as a resistor [15] , and the heating rate in ohmic heating is related to the electrical conductivity of liquid food products [14] . Because of this characteristic, many food engineers have studied ohmic heating associated with the electrical properties of foods. Castro et al. [16] studied the relationship between temperature and sugar content on the electrical conductivity of strawberry products during ohmic heating. Also, Icier and Ilicali [17] investigated the effect of orange juice concentration on system performance efficiency during ohmic heating. Therefore, not only the degree of antimicrobial effect but also several other factors such as the concentration of dissolved solids concerned with system performance efficiency should be considered in order to apply an ohmic heating pasteurization system practically by the fruit juice industry. To date, evaluation of the relationship between inactivation of foodborne pathogens and system performance efficiency based on differing soluble solids content of juices during ohmic heating treatment has not been well studied.
The purpose of this research was to investigate the optimum sugar concentration (°Brix) of apple juice and corresponding voltage gradient of an ohmic heating system for achieving both effective inactivation of foodborne pathogens including E. coli O157:H7, S. Typhimurium, and L. monocytogenes and higher system performance efficiency.
Methods

Bacterial strains and culture preparation
All bacterial strains, namely, E. coli O157:H7 (ATCC 35150, ATCC 43889, and ATCC 43890), S. Typhimurium (ATCC 19585, ATCC 43971, and DT 104) and L. monocytogenes (ATCC 19114, ATCC 19115, ATCC 15313) were obtained from the Bacterial Culture Collection at Seoul National University (Seoul, South Korea) and used for all experiments. All strains were stored at −80°C in 0.7 ml of Tryptic Soy Broth (TSB; Difco Becton Dickinson, Sparks, MD, USA) and 0.3 ml of 50% glycerol (vol/vol). Working cultures were streaked onto Tryptic Soy Agar (TSA; Difco), incubated at 37°C for 24 h, and stored at 4°C. Each strain of E. coli O157:H7, S. Typhimurium, and L. monocytogenes was cultured in 5 ml TSB for 24 h at 37°C, harvested by centrifugation at 4000 × g for 20 min at 4°C, and washed three times with 0.2% peptone water (PW, Difco). The final pellets were resuspended in 0.2% PW, corresponding to approximately 10 8~1 0 9 CFU/ml. Subsequently, suspended pellets of each strain of the three pathogens were mixed to produce a culture cocktail.
Sample preparation and inoculation
Pasteurized apple juice concentrate (pH 3.5, 72°Brix), free of any preservatives, was purchased from a local grocery store (Incheon, Korea). Apple juice concentrate was diluted with sterile distilled water to 48, 36, 24, and 18°Brix. Sugar concentration (°Brix) was measured by a digital refractometer (Atago co.,Ltd., Japan). Then, a 0.2-ml aliquot of the mixed culture cocktail (E. coli O157:H7, S. Typhimurium, and L. monocytogenes) was inoculated into each 25 ml sample of apple juice of different solids content. The final cell concentration was ca. 10 6~1 0 7 CFU/ml.
Experimental apparatus
Ohmic heating treatments were conducted in a previously described apparatus [18] . The experimental device ( Fig. 1) The distance between the cross-sectional area and the two titanium electrodes was 2 cm and 60 cm 2 , respectively. Multiple waveforms such as sine, square, ramp, pulse, triangle, noise, and custom waveforms could be produced by the function generator which permitted a frequency range of 1 MHz to 10 MHz and a maximum output signal of 5 V. These signals were expanded by the power amplifier from 45 to 20 kHz and a maximum output of 141 VAC. Each titanium electrode received signals amplified by the power amplifier. The signals, including waveform, frequency, voltage, and current, were measured using the two-channel digital storage oscilloscope. The data acquisition instrument was used to obtain temperature histories in this study.
Ohmic heating treatment
The ohmic heating chamber was filled with 25 ml of sample for treatment. A 20 kHz frequency and sine waveform were utilized in all experiments. Since electrochemical reactions can occur at standard line voltage frequency (60 Hz) during ohmic heating and it may affect inactivation of foodborne pathogens [18, 19] , 20 kHz, a high frequency that does not cause electrochemical reactions, was chosen in this study. For obtaining temperature and electric current data, treatments were conducted at a fixed 30, 40, 50, and 60 V/cm setting in apple juice of 72, 48, 36, 24, and 18°Brix for 90 s. Temperature and electric current were recorded every 1 s. For microbial inactivation experiments, inoculated samples were treated at a fixed 30 or 60 V/cm setting in 72, 48, 36, 24, and 18°Brix apple juice for 0, 10, 20, 30, 40, 50, and 60 s.
Bacterial enumeration
For enumeration of bacteria, each treated 25 ml sample was immediately transferred into a sterile stomacher bag (Labplas Inc., Sainte-Julie, Quebec, Canada) containing 225 ml of iced 0.2% PW (maintained on crushed ice) and homogenized for 2 min with a stomacher (Easy Mix, AES Chemunex, Rennes, France). One ml aliquots of homogenized samples were tenfold serially diluted in 9 ml of 0.2% PW, and 0.1 ml of sample or diluent was spread-plated onto each selective medium. For the enumeration of E. coli O157:H7, S. Typhimurium and, L. monocytogenes, Sorbitol MacConkey agar (SMAC; Difco), Xylose Lysine Desoxycholate agar (XLD; Difco) and Oxford Agar Base (OAB; Difco) with antimicrobic supplement (Bacto™ Oxford Antimicrobic Supplement, Difco) were used as selective media, respectively. Where low numbers of surviving cells were anticipated, 250 μl of sample was spread-plated onto each of four plates to lower the detection limit (detection limit = 10 CFU/g). All agar media were incubated at 37°C for 24-48 h before counting. To confirm the identity of the pathogens, colonies were selected randomly from the enumeration plates and subjected to serological or biochemical tests [E. coli O157:H7 latex agglutination assay (RIM, Remel, Lenexa, KS, USA), Salmonella latex agglutination assay (Oxoid, Ogdensberg, NY, USA), and API Listeria (bioMérieux, Inc. Hazelwood, MO, USA)].
System performance coefficient measurement
The system performance coefficient (SPC) of ohmic heating was determined from temperature, voltage, and current data [17] and calculated as follows (equation 1):
Where m is mass (g), Cp is specific heat capacity (J/g K), ΔT is difference between final temperature and initial temperature (K), ΔV is voltage applied (V), I is electric current (A), and t is time (s). ∑ΔVIt is the energy given to the system, mCpΔT is energy given to the system minus energy loss during ohmic heating. The ratio of mCpΔT to ∑ΔVIt indicates the system performance coefficient [17] .
Color and pH measurement
To assess color changes of treated apple juice, a Minolta colorimeter (CR400; Minolta Co., Osaka, Japan) was used in this study. Color of apple juice were expressed by values of L*, a*, and b* (color lightness, redness, and yellowness, respectively) [20] . A pH meter (Seven Multi 8603; Mettler Toledo, Greifensee, Switzerland) was utilized to measure pH values.
Statistical analysis
All experiments were conducted three times with duplicate samples. Data were analyzed by the ANOVA procedure of SAS (Version 9.2. SAS Institute Inc., NC, USA), and mean values were separated using Tukey-Kramer's multiple range test. A P value of <0.05 was used to indicate significant differences.
Results and discussion
Temperature profiles of different concentrations of apple juice
There are various factors affecting electrical conductivity of liquids. Electrical conductivity relies on chemical components, ion activity, and viscosity of liquids. Such an electrical characteristic, along with juice concentration, could have an influence on temperature rise and microbial inactivation [17, 21] . A study by Palaniappan and Sastry [22] stated that the relationship between electrical conductivity and temperature was linear but conductivity decreased with increasing soluble solids content in tomato and orange juices. The results of the present study were also consistent with previous reports. The heating rates of various concentrations of apple juice during ohmic heating at different voltage gradients are shown in Fig. 2 . Temperature rise was more rapid in higher concentrations than in lower concentrations of juice up to 36°Brix. However, when approaching 48°Brix, the rate of temperature increase began to decline. The slowest rate of temperature increase was observed at the maximum sugar concentration (72°Brix) of apple juice since electric conductivity was suppressed as sugar concentration approached the maximum levels included in this study (data not shown).
System performance efficiency at different concentrations of apple juice and voltage gradients
The system performance coefficient (SPC), which affects processing cost, was considered as an important factor in this study. Icier and Ilicali [17] reported that SPC values of ohmic heating depended strongly on the voltage gradient applied to orange juice concentrates. the conversion of electrical energy into heat was greater. A similar tendency was also observed in the present study. Figure 3 shows system performance coefficients of ohmic heating at different sample concentrations and voltage gradients. Average SPC values at 40, 50, and 60 V/cm were not as high as that of 30 V/cm. The energy loss at a voltage gradient of 30 V/cm was the lowest when 36°Brix apple juice was subjected to ohmic heating, which indicated that ca. 75% of the electrical energy applied to the system was utilized for heating (Fig. 3 ). When treated with 40 V/cm, the worst system performance efficiencies were detected at all sample concentrations. As applied voltage increased, overall SPC gradually increased from 40 to 60 V/cm. Following higher voltage gradients (60 V/cm), the peak system efficiency was observed in 48°Brix juice. The SPC value for 48°Brix apple juice at 60 V/cm, which is the actual electrical energy used to heat the samples, was ca. 73%. In the case of 72°Brix apple juice, SPC values were absolutely lower than in any other concentration of apple juice (Fig. 3) . This can be correlated to electrical conductivity or resistance of juice at higher sugar concentrations.
Effect of ohmic heating for inactivation of foodborne pathogens at different voltage gradients
Control of foodborne pathogens is an important issue for the fruit juice industry and ohmic heating treatment has been considered as one of the promising antimicrobial interventions. In our previous study [18] , reduction of E. coli O157:H7, S. Typhimurium, and L. monocytogenes resulting from ohmic heating was significantly higher (P < 0.05) than that resulting from conventional heating at equal temperatures of 55, 58, and 60°C in apple juice. These results showed that electric field-induced ohmic heating led to additional bacterial inactivation due not only to thermal effect but also to electroporation-caused cell damage [18] . As the latest in a series of research studies on ohmic heating of apple juice, we attempted to optimize the processing conditions of ohmic heating based on system performance efficiency and inactivation level of pathogens to provide a practical methodology for the fruit juice industry. Tables 1, 2 and 3 shows the reduction of E. coli O157:H7, S. Typhimurium, and L. monocytogenes in different apple juice concentrations during ohmic heating, respectively. At 30 V/cm, ohmic heating for 60 s achieved 0.95, 2.59, 6.78, 5.21, and 2.71 log reductions of E. coli O157:H7 in 72, 48, 36, 24, and 18 °Brix apple juice, respectively. Also, reductions of 1.40, 2.88, 6.71, 6.70, and 3.27 log CFU/ml in concentrations of 72, 48, 36, 24, and 18°Brix, respectively, were observed in S. Typhimurium. In the case of L. monocytogenes, levels of log reduction following ohmic heating were 0.47, 1.74, 5.01, 3.91, and 1.13, respectively, in juice concentrations of 72, 48, 36, 24, and 18°Brix. From these results at 30 V/cm, maximum log reductions of the three foodborne pathogens were observed in 36°Brix apple juice. Dramatic levels of inactivation were achieved in 18-48°Brix apple juice during ohmic heating at 60 V/cm. Reductions of E. coli O157:H7 were 6.32, 6.58, 6.88, and 6.93 log CFU/ml in 48, 36, 24, and 18°Brix juice, respectively, after ohmic heating for 20 s. Similarly, ohmic heating for 20 s accomplished 5.80, 6.10, 6.60, and 6.68 log reductions of S. Typhimurium in 48, 36, 24, and 18°Brix juice, respectively. Log reductions of 5.71, 5.70, 5.82, and 5.93 in 48, 36, 24, and 18°Brix apple juice, respectively, were observed for L. monocytogenes. Thus, the time duration required for 5-log reduction at 30 V/cm in 36°Brix apple juice was three times longer than for 60 V/cm at all apple juice concentrations with the exception of 72°Brix. Also, commercial processing of higher concentration apple juice has the advantage of greater production yield (of 18°B rix juice). Therefore, with respect to bactericidal efficiency, SPC values, and treatment time, ohmic heating application of 60 V/cm in 48°Brix apple juice could be more efficient than that of 30 V/cm in 36°B rix.
The influence of ohmic heating on quality of apple juice Additionally, ohmic heating is a suitable technology for minimizing degradation of juice quality due to the fundamental property of ohmic heating, which generates internal heat in food materials [14] . Color and pH values of 18, 24, 36, 48, and 72°Brix apple juice following ohmic heating at 30 and 60 V/cm are shown in Table 4 . All experiments were limited to a maximum treatment time of 60 s. In case of 60 V/ cm, treatment time was restricted to 20 s in 18, 24, 36, and 48°Brix apple juice because 20 s was a sufficient time interval for obtaining the target microbial reductions. L*, a*, and b* values of samples treated versus not treated with ohmic heating were not significantly (P > 0.05) different. The pH values of treated samples did not significantly differ from those of non-treated samples. Thus, the proposed parameters for optimal ohmic heating did not significantly affect the quality of apple juice product (Table 4) . Although ohmic heating is no longer regarded as a new technology, target microbe reductions have to be assessed in new application environments which include product type and production setting. In this study, optimized voltage gradient and juice concentration for ohmic heating gave a distinct advantage in terms of both bactericidal and economic aspects but also ensured minimal quality loss. However, since ohmic heating was performed in a small-scale batch system, energy and performance criteria have limited significance relative to larger-scale processing units. Therefore, further research incorporating more sophisticated experimental conditions to industrialscale continuous systems is needed.
Conclusions
Novel thermal processing interventions employed by the fruit juice industry for controlling foodborne pathogens involve the utilization of sophisticated systems, which enable reduced processing times and temperatures to prevent loss of nutritional and sensory quality while still securing outstanding bactericidal efficacy. Ohmic heating is one of the most promising thermal technologies for effectively inactivating foodborne pathogens in this respect. In the present study, the optimum processing parameters of ohmic heating treatment such as applied voltage gradients and°Brix of apple juice concentrates were investigated to provide benefits with regard to bactericidal, sensory, and economic aspects. These results can be utilized by the apple juice industry for effective application of ohmic heating. 
